Abstract-The paper presents the design of a novel ultra-wideband microwave crossover for the use in microstrip circuits. The proposed structure includes a double microstrip-coplanar waveguide (CPW) vertical interconnect in single-layer substrate technology which allows an inclusion of a finite-width coplanar waveguide (CPW) on the top side of the substrate to achieve the required cross-link. The presented design is verified using the full-wave electromagnetic simulator Ansoft HFSS v.13 and experimental tests. The obtained experimental results show that in the frequency band of 3.2-11 GHz, the crossover has an isolation of 20 dB accompanied by insertion losses of no more than 1.5 dB.
INTRODUCTION
A microwave crossover is a circuit which allows the crossing of two microwave transmission lines while maintaining a proper isolation between them. Planar crossovers are increasingly needed in monolithic microwave integrated circuits, microwave multichip modules and many other microwave planar sub-systems which require the signal crossing without disturbing the performance of the already existing circuits.
Planar crossovers can be constructed using wire bond or air bridges [1, 2] . In addition, they can be formed using wired vias using additional substrate layers [3] [4] [5] . Although wire bonds and air bridges do their role well, they require specialized equipment for their construction. They also need additional circuits to compensate for their parasitic elements. In turn, wired vias require multiple substrate and conductor layers, which lead to increased fabrication complexity. In another approach, a crossover is designed by locating two microstrip feeding lines at one layer and the other two at a different layer [6] . However, such a design is incompatible with microstrip circuits and violates the fundamental of crossover design that requires the four ports to be at the same layer.
In order to overcome the shortcomings of wire bonds, air bridges and wired vias, different configurations of crossovers, such as cascaded couplers, ring and multi-section branch-line couplers, have recently been proposed [7] [8] [9] [10] [11] [12] . The main drawback of those structures is their limited bandwidth. This is a critical issue in the modern high capacity communication systems.
In another approach to achieve a wideband performance, the authors of [13] proposed a wideband via-free crossover that uses a via-less microstrip to co-planar waveguide (CPW) transition. In that proposed approach, an earlier work on via-less microstrip to coplanar waveguide transitions described in [14] [15] [16] are utilized. That design is demonstrated in the 2-8 GHz band showing isolation of 32 dB and in-band insertion loss and return loss of 1.2 dB and 18 dB respectively over more than 44% of bandwidth with respect to the centre frequency of 5 GHz. In [17] , several two-port and four-port microstrip to slotline transitions are utilized to build a crossover with 40% fractional bandwidth.
In this paper, we propose an alternative configuration of wideband microwave via-less crossover. Similarly as in [13] , the new structure is accomplished in single-layer substrate technology, in which two conducting coatings of the substrate are used in the design process. The essential part of this crossover is a double vertical interconnect which is established in the microstrip-CPW technique. This interconnect has microstrip ports on top side of the substrate making it compatible with ordinary microstrip circuits. In order to achieve low insertion losses and high isolation between two crossing transmission lines, a CPW of finite width with transitions to microstrip ports on the top layer of the substrate is used.
The crossover is designed with the aid of a full-wave electromagnetic simulator HFSS. The goal is to obtain broadband performance from 3 to 11 GHz, which conforms to the ultra wide frequency band (3.1-10.6 GHz) specified by the Federal Communications Commission (FCC) authority. The design process is explained in Section 2. The simulation and experimental results are presented in Section 3. The concluding remarks are made in Section 4.
DESIGN
The configurations of a double vertical interconnect which is proposed for the construction of a new via-less crossover is shown in Figure 1 .
This interconnect uses elliptically shaped microstrip patches in the top layer and elliptically shaped slots and patches in the bottom layer of a two-side conductor coated dielectric substrate. The level of electromagnetic coupling between the two sides of the substrate is controlled by adjusting the dimensions D m , D c , and D s . The structure is introduced in [18] to obtain an ultrawideband (3-10 GHz) phase shifter. Its design stemmed from the earlier work on UWB couplers [19, 20] which indicates the possibility of achieving a tight coupling across an ultra-wideband using broadside-coupled structures.
The convenience of the structure of Figure 1 is that in addition to an approximately constant phase shift (compared with a suitable length of reference microstripline) it offers a small insertion loss between ports 1 and 2 across the band of 3-10 GHz. This property is of interest to the current design of crossover. Its other advantageous feature is that it has microstrip ports which make it compatible with ordinary microstrip circuits.
By closely inspecting the structure of Figure 1 , it can be noticed that it offers the possibility of including a microstrip line or other types of planar conducting lines in the region between Sections 1 and 2. Such a new transmission line can be run on the top side of the substrate and in the direction perpendicular to the CPW in the bottom layer. However, this requires a further separation of the two conducing elliptical patches on top side of the substrate to minimize the coupling between the two links. Therefore, it is necessary to investigate how this increased separation affects the electrical performance of the Figure 1 . Here, the investigations are performed assuming Rogers RT6010 with thickness 0.635 mm, dielectric constant 10.2 and tangent loss 0.0023 as the substrate. The dimensions of the utilized interconnect are calculated using the conformal mapping method as explained in [18] . For an ultrawideband performance, the microstrip patch at the top layer and the CPW patch at the bottom layer are designed to be tightly coupled. In the current design the coupling factor C between the top microstrip layer and the bottom CPW layer is taken as 0.8. Using the method in [18] , the initial values of the widths (D m , D c , D s ) can be calculated. The initial lengths of the microstrip and CPW patches (l 1 , l 2 and l 3 ) are chosen to be around quarter wavelength at the centre of the required band. The final dimensions are then optimized for a maximum possible bandwidth with more than 10 dB return loss at the two ports of interconnect are obtained using the optimization feature of the simulation tool HFSS. The dimensions listed in Table 1 are found.
The remaining design parameter of the structure depicted in Figure 1 is the length of the CPW (d) connecting the two microstrip/CPW transitions forming the interconnect. In the design of a phase shifter [18] , d is chosen to be as small as possible for a compact structure. However, in the current work which involves using the same structure to build a crossover, d cannot be very small due to the need to minimize the coupling between the two pairs of ports forming the crossover as will be explained later. Thus, the effect of the length d is to be included in the design of the interconnect.
It is possible to extend the analysis presented in [18] to include the effect of the design parameter d. It represents a CPW transmission line that is assumed to be lossless and perfectly matched with the two coupled CPW patches. Hence, it only introduces a phase shift equals to e −jβd on the signal passing through it. β is the phase constant of the CPW line, Following the analysis of the multi-section coupled structures [15] , it is possible to show that the effective reflection coefficient (S 11 ) and transmission coefficient (S 21 ) for the structure of Figure 1 are given as
(1)
where l 1 is the physical length of the coupled structure. The derived model (1)- (3) is used to investigate the effect of the parameter d on the performance. In the calculations, it is assumed that C = 0.8, and l 1 = λ/4, λ is the effective wavelength at the centre of the band (f 0 = 7 GHz). The variation of the S parameters (S 11 , S 21 ) for the interconnect shown in Figure 1 at different values of d is depicted in Figure 2 . It is clearly seen that, for a minimum insertion loss across a widest bandwidth, d should be around 0.5λ.
In order to verify the theoretical model, a full-wave electromagnetic simulator is used to calculate the performance for different values of d. Figure 3 shows the full-wave electromagnetic simulations results for the return loss (Figure 3(a) ) and insertion loss (Figure 3(b) ) of the double interconnect of Figure 1 of the structure of Figure 1 increases the bandwidth of the structure as predicted in theory. The full-wave simulations agree with the theory in showing that the optimum choice for the length of the CPW (d) should be around 0.5λ. Increasing d beyond that value is not a preferred option for two reasons. Firstly, the structure is required to be compact. Thus, the lowest possible value for d that achieves the required bandwidth should be used. Secondly, increasing the length of CPW (d) significantly increases the possibility of radiation losses from the structure especially at the upper part of the band. These kinds of losses are also observed in [10] . They can be minimized using a suitable enclosure.
After choosing a suitable separation between the two sections of the structure of Figure 1 depending on the acceptable level of insertion loss, the required bandwidth and the needed space for the additional crossing line, the next step is to include the crossing transmission line. The natural choice is to use a microstrip line as it directly offers two new microstrip ports 3 and 4. However, this needs to be investigated to find whether an inclusion of such a transmission line can provide low insertion losses and good isolation between the pairs of ports 1, 2 from 3, 4. The configuration of cross-over formed by the interconnect of Figure 1 and the 50 Ω microstrip line, accompanied by the simulated results for return loss, isolation and transmission coefficients is presented in Figure 4 . For 50 Ω characteristic impedance, the microstrip line is designed to have a width of 0.56 mm. The length of CPW is d = 9 mm, which is around 0.5λ as predicted in the theory.
The results presented in Figure 4 indicate that the crossover employing a microstrip line as the second transmission line produces a good performance within the frequency band from 7 to 12 GHz with insertion losses smaller than 1.5 dB and isolation more than 17 dB. The reason for not maintaining good return (S 33 ) and insertion losses (S 21 , S 43 ) outside the 7-12 GHz band is that the fields carried by the microstrip line at the top layer couple to those of the CPW at the bottom layer and thus perturb each other.
In general, an improved insertion loss and isolation between the two transmission lines can be achieved using a two-fold strategy. One is an increased spatial separation of fields carried by CPW in the ground and a new transmission line on top of substrate and the other is the use of cross-polarized fields carried by the two lines. This strategy is investigated next.
One possibility of getting spatially separated cross-polarized electric fields is to split the section of microstrip line over-passing the CPW of Figure 3 (a) into three parts to force the vertical electric field from the region below the microstrip to the horizontal plane in the three strip region. This idea is tried and proven to introduce only a slight improvement in performance of the crossover. A more viable alternative is to use a three-conductor line but in the form of CPW. This alternative, in which the finite width CPW is used instead of microstrip line, is presented in Figure 5 . The crossover layout also includes CPW to microstrip transitions so that all the four ports are of microstrip type.
EQUIVALENT CIRCUIT MODEL
To fully understand the operation of the proposed crossover, the equivalent circuit model of the device is depicted in Figure 6 . The microstrip to CPW transition can be represented as a transformer with a certain turns ratio (n 1 ) [21] . The value of n 1 depends on the level of coupling between the two transmission lines. For a properly designed transition, the ratio n is close to 1. Similarly, the uniplanar microstrip to CPW transitions can be represented by a transformer with another turns ratio (n 2 ) that can also be close to 1 for a properly designed transition. The normal-angle intersection of the CPW at the top layer and the CPW at the bottom layer at a very small area guarantees a very low level coupling between them. In the equivalent circuit depicted in Figure 6 , this is equivalent to having a transformer with a very low turns ratio (n 3 ) connecting the circuits of the two crossing lines.
The open-ended elliptical microstrip patches at the top layer and the elliptical CPW patches at the bottom layer have lengths equal to quarter of the effective wavelength at the centre of the band. Thus, they are represented as quarter wavelength transmission lines (θ m and Figure 6 . Equivalent circuit model of the proposed crossover. θ c ) in the equivalent circuit. The low value capacitors C m and C c are included in the circuit to represent the fringe effects at the open-ended microstrip and CPW at the two transitions. As derived in the theory, the length of the CPW line at the bottom layer (θ 2 ) is chosen to be around half a wavelength. The length of the CPW line at the top layer (θ 3 ) is chosen similarly. The lengths of the feeders at the four ports (θ 1 and θ 4 ) are not critical parameters in the design and can be chosen as short as possible for a compact structure. The impedances of all the lines shown in Figure 6 are designed to be 50 Ω.
By inspecting the equivalent circuit of Figure 6 , it is possible to predict that the signal input at port #1 emerges from port #2. Only a small part of that signal leaks to the ports #3 and 4 due to the very small value of the turns ratio n 3 . Similarly, if a signal is applied to port #3, most of that signal emerges from port #4 with only a very small part leaking to the ports #1 and 2. Since all the transmission lines used to build the crossover are designed to have 50 Ω impedance, a good matching is expected at all the four ports. Those conclusions from the equivalent circuit are the required performance for the designed crossover. For the practical circuit, the validity of those conclusions depends on the careful design of the four transitions used to build the device.
RESULTS
Following the above considerations, the design of a new crossover shown in Figure 5 for operation in the frequency band from 3.1 to 10.6 GHz is attempted. The design is carried out with the aid of full-wave EM software. Rogers RT6010 with thickness 0.635 mm, dielectric constant 10.2 and tangent loss 0.0023 is assumed as the substrate. Figure 7 shows layout of the crossover structure including its design parameters. Table 2 presents parameters of the crossover as obtained from initial design procedure explained earlier followed by a further tuning with full-wave EM analysis and design software. As can be gathered from Table 2 , the designed crossover features quite a small size, which is welcome in many applications offering only a small space for its implementation.
Using the above parameters, the crossover is manufactured and its photograph is shown in Figure 8 . It is augmented with SMA connectors to carry out the experimental tests. The experimental tests also consider the effects of the residual radiation and the use of shielding for minimizing it. Figure 9 shows the simulated and measured results for magnitudes of the scattering matrix parameters of the designed crossover over the frequency band from 2 to 12 GHz. From the obtained results, it is observed that both the simulated and measured insertion loss between ports 1 and 2 varies between 0.7 and 1.3 dB in the frequency band of 3.2-11 GHz. In turn, the simulated and measured return loss of port 1 is greater than 10 dB in the frequency band from 3.2 to 12 GHz. The simulated and measured insertion loss between ports 3 and 4 varies between 0.4 and 1 dB in the frequency band from 3.2 to more than 11 GHz. The simulated and measured return loss of port 3 is greater than 10 dB in the frequency band of 3.2-12 GHz. The simulated and measured isolation between port 1 and port 3 is more than 18 dB for the whole investigated frequency range from 3 to 12 GHz.
It is believed that the insertion losses in the passband of the developed device are caused by several factors, such as the dielectric and conductor losses of the utilized substrate, the sub-miniature A (SMA) connectors and radiation from the different parts of the crossover. While, we do not have control over the substrates and SMA losses, we investigated the level of radiation loses by enclosing the crossover in a metallic box. To that end, the performance of the designed crossover with the enclosure is simulated. The result of simulation is shown in Figure 9 (a). It is found that the printed structure inserted into a metallic box of dimensions 14 mm × 20 mm × 10 mm helps in preventing any radiation from the structure, especially at the upper part of the band where a slight improvement in the performance is observed.
CONCLUSIONS
In this paper, the design of a novel microwave crossover for the use in microstrip circuits has been presented. The proposed structure includes a double vertical interconnect in single-layer substrate and microstrip-CPW technology which allows an inclusion of a finite-width CPW on top of the substrate to achieve the signal cross link. The proposed circuit utilizes two sides of the substrate in the way it is compatible with ordinary microwave microstrip circuits. The presented design has been verified using full-wave electromagnetic field analysis and experimental tests. The proposed crossover has an ultrawideband performance with less than 1.5 dB insertion loss and more than 20 dB isolation across the band from 3.2 GHz to 11 GHz using a compact structure.
